A vancomycin-resistant Staphylococcus aureus mutant, COL-VR1 (MIC, 16 g/ml), was isolated from methicillin-resistant S. aureus COL by exposure to vancomycin. COL-VR1 also showed decreased susceptibility to teicoplanin (8-fold), methicillin (2-fold), macarbomycin (8-fold), and moenomycin (16-fold). Macarbomycin and moenomycin are thought to directly inhibit transglycosylase activity. Characterization of the mutant revealed a thickened cell wall and suppression of penicillin-induced lysis, although the amounts of the five penicillin-binding proteins (PBPs 1, 2, 3, 4, and 2) and the profiles of peptidoglycan hydrolases were not altered. Analysis of muropeptide profile and glycan chain length distribution by reversed-phase high-pressure liquid chromatography revealed slightly decreased peptide cross-linking and an increased average glycan chain length compared to those of the parent. These results together suggest that a transglycosylase activity was enhanced in the mutant. This may represent a novel mechanism of glycopeptide resistance in S. aureus.
The glycopeptide antibiotics vancomycin and teicoplanin are frequently used for the treatment of methicillin-resistant Staphylococcus aureus infections. Since the emergence of a clinically vancomycin-resistant S. aureus (VRSA) strain (strain Mu50) was reported in Japan (11) , several reports have been conducted about similar glycopeptide-intermediate-susceptible S. aureus (GISA) strains in the United States and Europe (3, 27, 30) , causing great concern about the possibility of losing the last resort for the treatment of multidrug-resistant staphylococci. The mechanism(s) of vancomycin and/or teicoplanin resistance has been the subject of intense research with clinical strains or laboratory mutants of GISA or glycopeptide-resistant S. aureus. On the basis of those investigations, it is generally thought that vancomycin resistance in S. aureus is mediated by the accumulation of surplus cell wall material, reduced peptidoglycan cross-linking, and/or other cell wall alterations, which lead to an increased but nonproductive level of drug binding to the D-alanyl-D-alanine of part of the peptidoglycan moiety, thereby decreasing the amount of glycopeptide capable of binding to the lipid-linked peptidoglycan precursors at the outside of the cytoplasmic membrane (8, 11, 26) , which appears to provide the real glycopeptide antibiotic target (1) , although the precise mechanism is not fully understood.
To date, several factors correlated with glycopeptide resistance in individual strains have been reported including PBP 2 overexpression (19, 25) , pbpD inactivation (26) , and the enhancement of glutamine synthetase and L-glutamine D-fructose-6-phosphate aminotransferase activities (8, 10) . Furthermore, sigB (2), the tcaR-B operon (7) , and ddh (5, 18) were genetically identified as factors involved in glycopeptide resistance. To investigate such factors involved in glycopeptide resistance, one approach is the isolation of glycopeptide-resistant mutants from sensitive strains by serial passage because clinical isolates of VRSA strains seem to possess multiple mutations, rendering them difficult to analyze. Such experimentally created mutants have the additional advantage that they are amenable for use for analysis of the mutation site(s) and the phenotypic consequence(s) of the mutation by direct comparison with the parent strain; a potential drawback of this strategy is, however, that such experimental mutations may not be relevant for the clinical situation.
Here, we describe the isolation of a glycopeptide-resistant mutant (MIC, 16 g/ml) from methicillin-resistant S. aureus parent strain COL after exposure to vancomycin. Characterization of the mutant led us to propose a novel potential mechanism of glycopeptide resistance in S. aureus.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains used in the present study are listed in Table 1 . Escherichia coli and S. aureus were grown at 37°C in Luria-Bertani broth and Trypticase soy broth (TSB), respectively. When needed, ampicillin (100 g/ml) was added to the medium.
Isolation of vancomycin-resistant mutant. MRSA strain COL was used to isolate spontaneous vancomycin-resistant mutants. An overnight culture of COL was plated on Trypticase soy agar (TSA) containing 8 g of vancomycin per ml. Several colonies which grew on the plate were replated on TSA containing 8 g of vancomycin per ml, and this procedure was repeated three times. Finally, 20 colonies growing on the TSA plate containing vancomycin (8 g/ml) were picked and their vancomycin susceptibilities were measured. The stability of the mutants was checked by measuring the MIC of vancomycin after several passages without antibiotic selection pressure.
MIC determination and population analysis. The MICs of various antibiotics were determined by the microdilution method as described elsewhere (15) . Population analysis was also performed as described previously (14) . Oxacillin, methicillin, bacitracin, and vancomycin (all from Sigma Chemical Co., St. Louis, Mo.) and fosfomycin (Wako Pure Chemical Industries, Ltd., Osaka, Japan) were commercially available. Macarbomycin and moenomycin were provided by Meiji Seika, Ltd. (Tokyo, Japan) and Aventis Pharma (Frankfurt, Germany), respectively.
Electron microscopy. Thin-section electron microscopy was performed for morphological characterization of the cell wall ultrastructure. Additionally, to detect and further characterize alterations of the cell surface, wheat germ agglutinin (WGA)-gold, which binds to peptidoglycan, was used to treat the cells before preparation for thin-section electron microscopy. WGA is a lectin which binds specifically to N-acetylglucosamine residues on the surfaces of S. aureus cells (35) . S. aureus COL and the isogenic VRSA cells were harvested during the logarithmic growth phase, washed twice with Dulbecco's phosphate-buffered saline (PBS), and suspended in PBS. The bacterial cell suspension was mixed with the suspension of WGA-gold (diameter, 5 nm; EY Laboratories, Inc., San Mateo, Calif.). The mixture was incubated for 90 min at room temperature and washed twice with PBS. After centrifugation, the pellet was doubly fixed with 2.5% glutaraldehyde and 1% OsO 4 . The samples were dehydrated in a series of ethanol concentrations and then embedded in Spurr's Epon. Thin sections were cut on an ultramicrotome with a diamond knife and were examined in a JOEL JEM-2000 EXII electron microscope at 80 or 100 kV.
Cell wall analysis by HPLC. (i) Muropeptide analysis. Preparation of murein and enzymatic digestion of muropeptides were carried out as described elsewhere (24, 31) . The digested muropeptides were fractionated by reversed-phase high-pressure liquid chromatography (HPLC) as described elsewhere (24, 31) .
(ii) Glycan chain analysis. Glycan chain analysis was performed by the method described above for muropeptide analysis, except that the cell wall was digested with lysostaphin instead of mutanolysin, as described elsewhere (26) . For control purposes, some samples were also digested with both enzymes.
Characterization of the mutant. (i) Growth curves. Overnight cultures (100 l) of COL or COL-VR1 were inoculated into 10 ml of TSB. When the cultures reached an optical density at 660 nm (OD 660 ) of 0.3, various concentrations of vancomycin were added to the medium. The OD 660 was monitored for 8 h after the addition of vancomycin.
(ii) Autolysis. The autolysis rates of COL and COL-VR1 were monitored by a method described elsewhere (15) .
(iii) Susceptibility to lysostaphin. The susceptibility to lysostaphin was measured by a zymographic assay, as described elsewhere (21) .
(iv) Zymography. Using heat-killed S. aureus or Micrococcus luteus cells as a substrate, the profiles of bacteriolytic enzymes were analyzed by a method described elsewhere (32) .
PBP analysis. (i) PBP fluorography. Penicillin-binding proteins (PBPs) labeled with [
3 H]benzylpenicillin (10 to 30 Ci/mmol; Amersham Pharmacia, Tokyo, Japan) were detected as described elsewhere (13) .
(ii) Western blotting analysis of PBPs 1, 2, 2, 3, and 4. Since several reports indicated distinct patterns of expression of PBP 2 or of the PBP 2 complex in GISA strains, we compared the levels of expression of PBPs 1, 2, 2Ј, 3, and 4 between COL and COL-VR1. Serum with anti-PBP 2 antibodies was kindly provided by K. Murakami (20) , and serum with anti-PBP 2B antibodies was obtained as described elsewhere (13) . Pinho et al. (23) demonstrated that PBP 2B was identical to PBP 3. For recombinant PBP 1 (rPBP 1) purification, a DNA fragment amplified with two primers (5Ј-GGTCAAGGATCCGTCATGAA-3Ј and 5Ј-CAACAAGGATCCAATGAA-3Ј) with RN450 chromosomal DNA as a template was cloned into vector pGEX-2T (Amersham Pharmacia Biotech, Tokyo, Japan) and was then electroporated into E. coli BL21 to generate HK4457. For rPBP 4 purification, a DNA fragment amplified with two primers (5Ј-CAA AGCTTACTAACAGTGACGTAACC-3Ј and 5Ј-GGAGATCTTTCCCACA TACTTTTAGC-3Ј) from RN450 chromosomal DNA was cloned into the pFLAG-MAC vector (Eastman Kodak Company, New Haven, Conn.) and was then electroporated into BL21 to generate HK4386. For rPBP 2Ј purification, a DNA fragment amplified with two primers (5Ј-ATGGATCCATTGATGCAAT TGAAGAT-3Ј and 5Ј-AAAAGCTTAAGCAACCATCGTTACGG-3Ј) from COL chromosomal DNA was cloned into vector pQE30 (QIAGEN, Tokyo, Japan) and was then electroporated into E. coli M15(pREP4) to generate HK4457. Glutathione S-transferase-rPBP 1, FLAG-rPBP4, and His-tag-rPBP 2Ј were purified according to the protocols of the respective manufacturers. Serum with anti-PBP 1, anti-PBP 2Ј, and anti-PBP 4 antibodies were obtained by immunizing rabbits with each of the recombinant proteins by a previously described method (12) .
RESULTS
Isolation of a mutant with reduced susceptibility to vancomycin. By applying the selection procedure described in Materials and Methods, a strain for which the vancomycin MIC was elevated (16 g/ml) compared to that for the parent strain (2 g/ml) was isolated and was designated COL-VR1. The vancomycin MIC for COL-VR1 was stable after seven passages (one passage per day). The results of a population analysis of methicillin-or vancomycin-treated COL-VR1 and its parent are shown in Fig. 1 . The population distribution curve of COL-VR1 was shifted to higher vancomycin concentrations compared to that of COL. Interestingly, the corresponding curve for methicillin showed a similar, albeit smaller shift to higher methicillin concentrations for COL-VR1. The MICs of various cell wall-active antibiotics for both strains are shown in Table 2 . The MICs of oxacillin, methicillin, and imipenem for COL-VR1 were twofold higher than those for parent strain COL. The MICs of the glycopeptide antibiotics vancomycin and teicoplanin for COL-VR1 were fourfold and eightfold higher than those for COL, respectively. There were no differences in the MICs of bacitracin and fosfomycin for the mutant and the parent. It is noteworthy that the MICs of macarbomycin and moenomycin for COL-VR1 turned out to be 8-and 16-fold higher than those for COL, respectively. Growth curves. Growth curves are shown in Fig. 2 . In the absence of antibiotics, the growth curves of COL and COL-VR1 were similar, although the growth rate was slightly lower for COL-VR1. In the presence of vancomycin, the growth of COL was inhibited at vancomycin concentrations above 4 g/ml (two times the MIC for COL), while the growth of COL-VR1 was inhibited by concentrations above 16 g/ml (the MIC for COL-VR1). However, vancomycin did not induce detectable cell lysis in either of the strains. In the presence of methicillin, the growth of both strains was inhibited only at concentrations above 1,024 g/ml. Methicillin-induced lysis was clearly seen in the case of COL, but it was strongly reduced in the case of COL-VR1.
Electron microscopic features of the mutant. The cell wall of COL-VR1 was clearly thickened compared with that of the parent (Fig. 3) . COL-VR1 had a rough surface compared to that of the parent. Examination of specimens after WGA-gold binding to the cell wall revealed no significant differences between the parent and the mutant strains.
Peptidoglycan analysis. The muropeptide profile of COL obtained after digestion of isolated peptidoglycan with the muramidase mutanolysin was very similar to those of other wild-type strains described earlier (24) . Comparison of the muropeptide profiles of COL and COL-VR1 revealed almost no differences (Fig. 4) . Just the degree of peptide cross-linking was slightly lower for COL-VR1 than for COL, as can be judged from the bump of unresolved highly cross-linked muropeptides at long retention times. The HPLC elution profile of peptidoglycan digested with the endopeptidase lysostaphin instead of mutanolysin was recorded to analyze the peptidoglycan sugar chain length distribution, as described by Sieradzki et
FIG. 2. Growth curves of COL (a and c) and COL-VR1 (b and d) in the presence of methicillin (c and d) or vancomycin (a and b)
. A small portion of S. aureus cells cultured overnight was inoculated into fresh TSB and incubated at 37°C with shaking. Antibiotics were added at the times indicated by the arrows. The OD 660 was monitored at 30-min intervals. Symbols: for panels a and b, f, control; F, vancomycin at 2 g/ml; OE, vancomycin at 4 g/ml; }, vancomycin at 8 g/ml; Ⅺ, vancomycin at 16 g/ml; E, vancomycin at 32 g/ml; for panels c and d, f, control; F, methicillin at 10 g/ml; OE, methicillin at 100 g/ml; }, methicillin at 1,024 g/ml; Ⅺ, methicillin at 2,048 g/ml. al. (26) . The sugar chain length distribution obtained was clearly shifted to a longer average chain length for COL-VR1 compared to that for COL, as evident from the shift of the eluted broad peak toward longer retention times (Fig. 4) . As a control, the HPLC profiles of peptidoglycan after double digestion with both enzymes, mutanolysin and lysostaphin, were recorded and no high-molecular-weight material was detected, indicating that the digestions were complete under our conditions. Further characterization of the mutant. Western blotting analysis of all PBPs with the respective antisera revealed no significant differences in the amounts of each of the PBPs between the two strains (Fig. 5a ). Zymographic analysis with a gel with either M. luteus or S. aureus gave no hints about significant differences in autolysin quantity or specificity ( Fig.  5b1 and b2) ; close inspection of the zymograms indicated that one of the bands had a somewhat lower lytic capacity in the case of COL-VR1, namely, the second lysis band, which is known to be related to the atl gene product. Other characterizations, including the autolysis rate, cell wall susceptibility to lysostaphin, and PBP fluorography, showed no significant differences between COL and COL-VR1 (data not shown).
DISCUSSION
The vancomycin MIC (16 g/ml) for COL-VR1, isolated from MRSA strain COL through three steps of exposure to vancomycin, was approximately eightfold higher than that for its parent strain. The data obtained in the present study suggest that the mechanism(s) of glycopeptide resistance for this isolate is at least partially distinct from those described previously for other clinical or laboratory derived isolates, adding to the complexity of the GISA and VRSA phenotypes observed previously (6) . Several lines of evidence are in line with this proposal.
(i) While previous reports demonstrated that the levels of methicillin resistance of mutants selected by exposure to vancomycin or teicoplanin were strongly reduced, COL-VR1 not only retained its resistance to methicillin but also had an even slightly increased level of resistance to methicillin.
(ii) Alterations of PBP 2, PBP 4, or PBP 2Ј expression were observed in several VRSA strains (19, 25, 26, 28) . However, in the present study, such alterations were not found in our mutant either from penicillin binding data or by direct antibody detection experiments.
(iii) Cell wall structural alterations like a lack of amidation of the D-glutamic acid residue of the peptidoglycan stem peptide or a reduced level of cell wall peptide cross-linking, as has been found in several, although not all, GISA or VRSA mutants (6, 8, 10, 28) , either were not observed at all (amidation) or were only slightly diminished (cross-linking). Instead, HPLC analysis of the products obtained after digestion of the isolated peptidoglycan with lysostaphin, an enzyme that cuts within the pentaglycine interpeptide bridge of the S. aureus peptidoglycan, thereby releasing soluble, non-cross-linked sugar chains with the peptides still attached, suggested an increase in the average sugar chain length for COL-VR1.
(iv) COL-VR1 also showed a peculiar pattern of susceptibility to cell wall-active antibiotics other than glycopeptides and ␤-lactams, in particular, drastically reduced sensitivities to the transglycosylase inhibitors macarbomycin and moenomycin (8-and 16-fold, respectively). To our knowledge, however, this feature has not been tested in other GISA or VRSA strains; it is therefore not possible to judge if this phenomenon might be common to several or even all of the mutants. GISA and VRSA clinical isolates and laboratory mutants, including the mutant tested in the present study, have been shown to possess a characteristic, thickened cell wall (3, 8, 16, 29) , which appears to be the most common phenotypic feature of these strains. Cui et al. (8) even reported that there is a direct correlation between cell wall thickness and susceptibility to vancomycin for Japanese clinical isolate Mu50 if it is grown under various culture conditions that allow differential expression of the cell wall thickness phenotype. They therefore proposed that the acceleration of cell wall synthesis contributed to the vancomycin resistance phenotype of Mu50. Whether this acceleration directly contributes to intrinsic resistance to vancomycin and cell wall thickness needs further investigation.
It is noteworthy that the average glycan chain length of peptidoglycan in COL-VR1 was longer than that in COL. A similar finding has been reported for highly glycopeptide-resistant mutants also derived from COL, which, however, differed in other aspects from COL-VR1 (26) . Furthermore, Bischoff et al. (2) demonstrated that an S. aureus mutant with slightly decreased teicoplanin susceptibility due to inactivation of sigB expressed longer glycan chains compared to the lengths of the chains expressed by the parent, presumably due to less glucosaminidase activity. The peptidoglycan sugar chain length distribution is thought to be regulated by the interplay between synthetic and hydrolytic enzymes; in the case of S. aureus, these are transglycosylase and glucosaminidase. The S. aureus N-acetylglucosaminidase is known to be one of the atl gene products (22) . Furthermore, Boneca et al. (4) described an additional endo-␤-N-acetylglucosaminidase in atl mutants, although neither the gene nor the protein has yet been identified. For COL-VR1, however, the profiles of peptidoglycan hydrolases analyzed by zymography with S. aureus and M. luteus cells as a substrate showed no gross distinctions between COL and COL-VR1. The only hint to a potential difference between the mutant and the parent strain in this experiment was the slightly lower lytic activity of the second lysis band in the zymograms (Fig. 5) , which is known to correspond to an atl gene product. However, since the other atl-related lysis bands in the same zymograms did not respond in the same manner and since this particular band is known to be somewhat unstable, this was deemed probably not significant. Also, the total autolysis rates were not different between COL and COL-VR1. These results indicate that a longer glycan chain length is not due to the reduced peptidoglycan hydrolase activity, although we cannot completely deny that possibility. On the other hand, we observed drastically increased macarbomycin and moenomycin MICs for COL-VR1 compared to those for COL (8-and 16-fold, respectively). Macarbomycin and moenomycin are believed to directly inhibit transglycosylase activity (12, 33, 34) , while vancomycin and teicoplanin inhibit transglycosylase and transpeptidase activities indirectly by steric hindrance as a consequence of their binding to the D-Ala-D-Ala moiety of cell wall peptides (1). Since S. aureus PBP 2 belongs to class A PBPs, PBP 2 possesses transglycosylase domains in its N-terminal half (9, 19 ), but we could not demonstrate any difference in its level of expression between COL and COL-VR1 or alterations in its beta-lactam binding capacity. Matsuhashi and Park (17) demonstrated that, under their conditions, in S. aureus transglycosylase activity is not associated with PBP but is found in a membrane fraction separated from PBP, although they could not deny that the PBP(s) has transglycosylase activity. These data and our results taken together suggest that S. aureus uses multiple factors in providing transglycosylase activity and that in COL-VR1 increased transglycosylase activity plays an important role in the glycopeptide-intermediate susceptibility and vancomycin resistance phenotypes and possibly also in the thickened cell wall phenotype.
